The Objective: This paper presents a method to identify the optimal location and size of DGs based on the power stability index and particle swarm optimization (PSO) algorithm. Materials and methods: First, a novel maximum power stability index (MPSI) is derived from the wellestablished theorem of maximum power transfer. The MPSI is utilized as an objective function to determine the optimal DG locations. Next, a PSO-based model with randomized load is developed to optimize DG sizing in view of the system's real power losses. Results and Conclusion: Lastly, a IEEE 30-bus test system is employed in the simulation. The performance of proposed MPSI index are comparable with other voltage stability indices. The DG optimization model considering voltage stability and loss minimization provides better results compared to that obtained using only loss minimization approach.
Introduction
A healthy power system should be stable at any time while satisfying various operating criteria. The modern power system is challenged with the increasing load demands from the industrial, commercial and residential sectors [1, 2] . The large increase of load demands has caused congestion in transmission lines which further lead to instability the in power system operation [3] .The significance of this phenomenon has increased nowadays as many major blackouts are caused by power system instability [4] . Untreated large and weak networks with recurring voltage variations are inevitably prone to voltage collapse. Thus, maintaining voltage stability is one of the major concerns in power system operation. The enhancement of voltage stability through distributed generation has been widely adopted by utility companies worldwide [5, 6] .
The promotion of distributed generator (DG) resources in power systems offers benefits, such as reduction in power losses, improvement in voltage profile and reduction of on-peak operating costs. The trend in electricity charge promotes the location and time base pricing schemes. At peak periods, DGs can be used to supply some load demands thus reduce the cost of power taken from the network during high electricity charges [7] [8] [9] . The utilization of DG can serve as a hedge against transmission and distribution expansion costs. The on-site electricity generation could result in cost savings in terms of transmission and distribution of about 30% of electricity energy costs [10] .
Two major aspects, namely, location and sizing of DG require careful attention. Before discussing several impacts formed by these two factors; is important to have understanding of the meanings. According to [11] , the location of DG is clearly defined as the installation and operation of DG units connected directly to the distribution network or on the customer site of the meter. The purpose of DG is to provide a source of active electric power, as such, the capacity to provide reactive power does not need to be included in DG sizing [11] . The definition for DG sizing given by other organizations [12, 13] are also in view of active power rating.
Various methods that consider both basic and advanced techniques to solve DG placement and sizing problems were introduced by researchers. Among the conventional optimization methods utilized to predict the allocation of DGs are linear programming, Kalman's filter algorithm, and gradient method [14] [15] [16] . Studies have been conducted recently to assist utility companies using advanced and intelligent techniques, such as exhaustive algorithm, tabu search, fuzzy-genetic algorithm, and artificial bee colony algorithm, to fulfill various optimization objectives [17] [18] [19] [20] [21] .
The optimal DG location and size are determined in this study through the proposed maximum power stability index (MPSI) with particle swarm optimization (PSO) to improve power system stability and reduce active power losses. First, a brief mathematical description of the proposed index is presented as principle for DG placement. Then, MPSI and PSO with the continuation power flow are combined to determine the most sensitive load buses to voltage collapse. Lastly, a simulation is conducted on the IEEE 30-bus distribution network with MATLAB to validate the effectiveness of the proposed method. The simulation results indicate that the technique is feasible for practical implementation.
Concept of voltage stability

Static and dynamic
The different methods utilized to assess voltage stability can be broadly classified into two types, namely, dynamic and static methods [22] . Dynamic or time-domain method is useful in understanding the mechanism of voltage collapse and the coordination of protection controls. Static or steady-state analysis is concerned with the assessment of the proximity of the system to a voltage collapse event. The static type of study considers a wide array of system operating conditions, including contingencies such as line outages, loss of generating units, and loss of compensating devices. Voltage stability studies usually involve static analysis.
Voltage collapse events can be caused by many triggering factors, such as load variation, generator control limits, reactive power compensation limits, and malfunctioning voltage control devices. Among the key factors influencing the voltage stability of a power system is load variation or load characteristic. Power systems are expected to become heavily loaded in the future as the demand for electric power increases with the expansion of economic growth.
Load characteristics
Voltage stability concerns with the ability of a power system to maintain acceptable bus voltages under nomal operating condition and after being subjected to a disturbance [23] . Typically the voltage stability problems are analyzed based on estimation of the maximum loadability and the computation of critical power system loading that eventually lead to voltage collapse events [24] . Voltage collapse can easily occur in a heavily loaded power system when the system operates close to the stability limits. With the increasing of load demand, interest in voltage stability studies is often determined by the maximum amount of active power that can be delivered to the end users.
For a simple 2 bus system shown in Fig. 1a , the change in load characteristic affects the voltage, current and active power at the load bus can be illustrated by Fig. 1b . At receiving bus, as the load demand increased, the amount of active power delivered by the system to the bus also increases until it reaches a maximum value. The power transferred reaches the maximum value when the load impedance Z L is equal to source impedance Z S . Fig. 1a indicates that point where Z L = Z S = 1 is the critical loading point for the system to operate satisfactorily. Further increase beyond the critical loading point would adversely cause the system voltage to collapse.
Performance index
The main focus in voltage stability studies in power system is the identification of weak or critical buses. Voltage instability in power systems can be analyzed based on P-V and Q-V characteristics. The P-V curve exhibits a function of active power transfer variation with the bus voltage while the Q-V curve shows the sensitivity of bus voltage with respect to reactive power variation.
Each method dictates different advantages that compliments the limitations of another. For instance, the conventional P-V curves have been referred by network operators and industries to predict the r point of maximum loadability in a system. The curve is suitably used with peak assessment of highly loaded power system. On the other hand, the Q-V curve highly assists in assessment of reactive power compensators placement or sizing such as static VAr compensators and capacitor banks.
The present load demand scenario shows a large and continuous increment. The use of conventional P-V method for large network stability assessment suffers from exhaustive computational work. Recently researchers have employed the voltage index-based methods [26] [27] [28] [29] to obtain fast and reliable results in identifying weak and susceptible buses in the network. In [30] , the voltage index-based method is used with DG application.
Formulation of maximum power stability index
Reduced network circuit
The assessment of stability in large networks can be exceptionally demanding task. Model reduction method is often employed to reduce the computational burden. The method transforms a multiple bus network into an equivalent 2-bus Thevenin model. The formulation of MPSI index begins with the transformation of network as shown in Figs. 2a and 2b .
The power flow equation at node j in the local network can be written as:
where S j is the apparent load power, V j is the voltage magnitude at the load bus, [V] contains the nodal voltages; In Eq. (1), [Y j ] is row j-th admittance matrix and we can write:
where Y ji is admittance between node j and node i, Y ji = G ji + iB ji and
The equivalent voltage of the network E j obtained from node j can be written as:
Substituting Eq. (2) for Eq. (1) will give:
Eq. (3) is the load flow equation of the reduced network.
Maximum power transfer theorem
The maximum power transfer (MPT) theorem can be applied to ac and dc circuit analysis. The MPT theorem states the maximum power is transferred to a resistive load when the load resistance is equal to the internal resistance of the source in dc analysis. Similarly to ac circuit, the maximum power transfer condition can be achieved when the load impedance Z L is equal to the source or Thevenin impedance Z Th as shown in Fig. 2b . In ac circuit, the Thevenin impedance Z Th can be written as:
Both resistance and reactance are considered in the equivalent Thevenin impedance calculation. Referring to MPT, the interest is to find the value of load resistance R L and reactance X L such that the power absorbed from the source is maximum.
The purpose of developing the new stability index is to be used with DG application. It has been claimed by [11] , the inherent role of DG is to be used as a source of active power; such it is not necessary for DG to be able to produce reactive power. With respect to this definition, the derivation of the proposed voltage stability index focuses on the active power delivery in a network. The idea of maximum power transfer is to maximize the amount of active power that can be delivered to the load.
From Fig. 1a , the active power P L at the load can be written as:
Assuming that voltage and impedance of the source are priorly known; therefore, the real power expression P L can be restated in terms of voltage and impedance of the source as:
where
and
The complex load power S L can be written as:
Thus, the active power P L can also be expressed as:
From [31] , the delivered active power P L is maximized when R L = R Th and X L = ÀX Th , the load impedance is equal to the complex conjugate from Thevenin impedance. Thus, the maximum real power absorbed by the load P Lmax is:
According to theory of voltage stability, there is a maximum limit of power that can be transferred by the network. In [25] pointed out that maximum active power transfer is obtained when Z L /Z Th = 1. The condition represents critical loading point that must be avoided to preserve stability. The plot of power versus load in Fig. 1b shows that when the load demand increases, the receiving power also increased until it reaches the maximum transfer limit.
At the point where Z L /Z Th =1, the ratio of P L to P Lmax also shows unity value.
By substitute P L from Eq. (5) and P Lmax from Eq. (11) into power ratio expression in Eq. (12) leads to the formulation of the proposed voltage stability index:
Eq. (12) defines the collapse criterion of the index. Any value close to 0 represents stable operating condition in contrary any value close to 1 implies critical operating condition. 
Index performance
To verify the validity of the proposed index, the MPSI is tested with other known voltage stability indices that are power transfer stability index PTSI [32] and voltage collapse prediction index VCPI [33] . The formulation of PTSI is based on derivative of maximum load apparent power with respect to load impedance change while the formulation of VCPI is based on determinant evaluation of partial derivative matrix in Newton Raphson power flow. Both indices will give value close to 0 under stable operating condition whereas unstable condition leading to voltage collapse will show value close to 1.
There are many aspects that can be selected to verify the sensitivity of an index in measuring bus proximity to voltage collapse. It is known that voltage drop in power system is greatly influenced by the load demand. Thus, in this work, the performance of the index is tested with respect to load changes. By increasing the load demands, system voltage level will eventually pull towards the critical point.
For this test, the loading is progressively increased until the voltage drops below the 0.9 p.u. level. When bus voltage drops below this limit, the voltage at the bus is likely to collapse and cause divergence in Newton-Raphson load flow solution.
Proposed DG placement and sizing algorithm
Particle swarm optimization (PSO)
Kennedy and Eberhart proposed PSO in 1995 as one of the evolutionary computation algorithms based on a social-psychological metaphor [34, 35] . A population of individuals referred to as particles adapts by returning stochastically toward previously successful regions. Two primary operators exist in this method, namely, position update and velocity update. Each particle during each generation is accelerated toward the particle's previous best position and the global best position. The new velocity in each iteration for each particle is referred to as current velocity, which is the distance from the previous best position and global best position. The value of the new velocity is utilized to compute the next position of the particle in the search space. This process is iterated a number of times until the lowest error is obtained. The particle position in dimensional space is illustrated in Fig. 3 .
Let X k i be the current position of agent i or particle i at iteration k, where
and V k i is the current velocity of particle i at iteration k, where:
The local best position related to the lowest value (for minimization) of the objective function for each particle is denoted as:
while the global best position among all the particles or the best P best is denoted as:
The particle new velocity and position are determined by following equations respectively:
where i = 1, 2,. . . n is the number of dimensions for each particle; c1 and c2 are the constants of acceleration; k is the number of times of iteration; Dt is the time step for each iteration; r1 and r2 are two random numbers within the range of [0,1]; and c0 is the inertia weighting factor.
Optimal DG placement
The DG placement problem is a nonlinear constrained optimization problem. The proposed solving algorithm is divided into two sub-problems. The first sub-problem is where the optimum DG location is identified through a voltage stability assessment method. The goal is to add DG at the weakest bus in the system as the load demand randomly increased. The optimum location can be quickly identified using the proposed index. In this study, DGs are considered operating at unity power factor to support the system peak demand.
Optimal DG sizing
Although DG is a relatively new concept but a variety of optimization techniques have been developed by researchers. From literature, the evaluation of optimal DG size as a function of power losses have always captured researchers concern. The second subproblem in this work, which is the sizing of DG has also considered the minimization of active power losses.
In selecting the capacity of DG, the size of load delivery area is important. According to [11, 36, 37] there is no agreement on the maximum capacity of DG. However [19] suggested the best size of DG such that it is consumable locally without the intention of exporting the energy beyond the substation boundary. The intention of exporting the energy will lead to very high losses. The reason for high losses with high capacity of DG can be explained from Fig. 4 . Fig. 3 . PSO point search. Fig. 4 . Power loss with load demand.
The relation between total power loss and total demand is represented by quadratic function. The left part of the curve shows that power loss reduction decreased proportionately with the injected power by DG. The DG obtained its optimum capacity when the power loss of the system has reached the minimum value as represented by the lowest point on the curve.
During instance of high power added from DG (right part of the curve), the minimum losses value is exceeded and losses start to increase. This is due to excess currents from the DG flow into adjacent buses causing increase in transmission losses.
Apart from this, it also seems appropriate to put a limit to DG capacity so as to keep the concept of DG, a small distributed generation and not a large centralized generation plant.
Simulation procedure
The flowchart of the proposed method is shown in Fig. 5 . The major steps are summarized as follows:
Step 1: A set of system loading cases (real and reactive power loadings) is generated by the PSO algorithm because the major interest in voltage stability assessment is to determine the bus voltage when the load increases.
Step 2: A continual load flow is launched for each loading case generated in Step 1, and the MPSI index for each bus is calculated to identify the weak buses in the system.
Step 3: The fitness function for each bus is evaluated by Eq. (18). The best particle with the highest value of MPSI represents the optimal DG location. The formulation for index maximization is provided by:
where n b is the number of load buses Subject to
Step 4: A set of DG sizes that consider real and reactive power loads is generated again through PSO based on the optimal DG location obtained in Step 3.
Step 5: Power flow is launched for each DG size generated in
Step 4. The fitness function is evaluated for total power loss in the system, which provides the current P best for the optimal DG size. The mathematical formulation for loss minimization is provided by Eq. (19) .
f ¼ Min 
Simulation results and discussion
The proposed method was tested on IEEE 30-bus test system with total load 283.4 MW. The system consists of 24 load buses, 6 generator buses, and 41 transmission lines [38] as shown in Fig. 6 . For simulation, the system load is randomly varied between 0% to 25% above the base case to simulate the increasing load demand scenario.
Validation of voltage stability index
The aim of this simulation is to have a performance comparison between the three different indices in selecting sensitive or weak buses in the test system. The critical buses in the system is studied with respect to load increasing contingency. Considering that contingency may possibly happen at any location in the system, bus 17 centrally located in network is selected as the contingency bus.
The voltage at three load buses i.e. bus 7, 15 and 26 are monitored and their index values are calculated a for each loading case. The index calculation for bus 7, 15 and 26 under increasing load change is presented in Table 1 . As mentioned earlier, all three indices will show value close to 1 when voltage stability in the system decreased.
From the results, index VCPI changed a little with the increase in load. Meanwhile index PTSI relatively shows larger increase Fig. 5 . Flowchart of the proposed algorithm. Fig. 6 . IEEE 30-bus test system. however the linear in load increment pattern implies non-linear characteristic in the index. In this case, the value calculated by MPSI offers a good indication about the proximity to voltage collapse. Index MPSI shows stable variation in proportion to load increment thus the index can be used to accurately predict voltage stability in power systems.
Impact of DG on voltage profile
An analysis is conducted to study the impact of non-optimal DG location on system voltage profile. For this, the system bus voltage is monitored from the load flow before and after the integration of DG. The bus voltage and power margin has interrelated function. Using P-V analysis method, the function of system voltage stability with active power margin can be determined.
The effect of DG on bus voltage can be explained with simple illustration of P-V curve as shown in Fig. 7 . The installation of DG on a particular bus, will increase the active power margin of the bus by DP. At the same time, it can be seen that the bus operating voltage will move from present V 0 to new V DG . As a result, the voltage level at that bus will increase. Thus, proper allocation of DG in a distribution system will help improve the voltage level and stabilize the system operation.
In this analysis, the active power margin at load bus is determined by increasing the loading of the bus gradually until the load flow diverges.
Since the purpose of this analysis is to see impact of nonoptimal DG location on voltage profile; it is not necessary to find the power margin for each bus in the system. Basically the buses are selected based on its loading characteristics and distance from neighboring buses. The margin is calculated by assuming the voltage limit 0.95 p.u. is respected for each bus. The calculated active power margin of the load buses is in Fig. 8 .
It can be observed that bus 26 has the lowest power margin, which represents the weakest bus in this system while bus 2 is the highest, is the strongest bus. Assume an arbitrary 5 MW DG is connected to supply constant active power the system. Placing the DG on the most weak and strong bus will give significant impact on system voltage profile. The results are shown in Fig. 9 when DG is installed at extremely weak and strong buses in the system. The figure shows when DG is installed at bus 2, the voltage level at bus 2 increased above 1.0 p.u while at the same time voltage at bus 26 drops slightly below the critical level. The results clearly demonstrates the impact when DG is located at non-optimal location.
Impact of DG on power losses
In order to verify the effect of optimal DG sizing on power system operation, an analytical test showing the variations of active power loss relative to DG injection at each bus is carried out. The total active power loss in the system is evaluated in three different cases:
(1) Case 1: 2 MW DG unit is added. In each case, the DG is added sequentially and the power flow analysis is carried out to find the total power loss in the system. Similar step is repeated for case 2 and 3 for with respective DG sizes. In Case 1, from Fig. 10 it can be observed that as 2-MW DG is added in bus 15, 17, 18, 26 and 30, the active power losses in the system has reached the lowest reduction in the range between 32.3 to 32.7 MW. Fig. 7 . P-V curve with DG. In Case 2, again the active power loss is evaluated when a 4-MW DG is placed at different buses in the system. Case 2 is expected to be better than Case 1 due to larger capacity of DG. In practice, installing large DG incurs high investment costs; utilities or energy providers may consider to add only few DGs to the system. Therefore is important to identify optimal location in which the total power loss is truly minimum. Considering single DG placement for Case 2, indicated in Fig. 10 the total active power loss reaches minimum value around 32 MW when the DG is located at bus 26. The losses with DG at bus 26 significantly preceded the losses recorded at other buses.
The observations produced by Case 3 are much interesting to be analyzed. With a 6-MW DG added to the system; from logical sense it can be anticipated the results are much better than the previous two cases. However, it is found that the active power losses at bus 26 as shown in Fig. 10 has increased slightly. Since the load demand in bus 26 remains unchanged at 9.91 MW, the unconsumed amount of active power supplied by the DG flows into the network cause an increase in power losses. The quadratic power loss effect can also be observed at bus 16, 18, 20 and 25; however, the severity is less. The reason is due to shorter length for the excess power to be transfer to other load buses.
On another note, when the 6-MW DG is placed at bus 19, 21, 24, 29 and 30, the active power losses in the system effectively reduced to more than 32 MW. The system achieves minimum power losses of about 31.6 MW when DG is located at bus 21. The amount of reduction in these buses surpassed the maximum losses reduction recorded at bus 26 in Case 2.
A common practice with DG installation plan is to make the best use of its presence. Given the scenario in Case 3, utilities may opt to another solution by partitioning the DG capacity into smaller sizes with the intention to maximize the power losses reduction. Using the same approach, a lengthy analysis is required to find the appropriate solutions. Evaluation of power losses with one DG at a time at each bus requires several power flow solutions. More than that, computation time will increase proportional to number of buses. As such, the heuristic optimization method employed in this work can provide a quick solution for the optimal sizing of DG with good accuracy.
Further discussion on the findings of the proposed sizing method for two DG units is given in Section 5.5.
Optimal one DG unit
The result shown in Table 2 represents the bus index upon execution of the proposed algorithm. The potential locations where the DG can be installed are buses 18, 19, 21, 26 , and 30. Maximization of the MPSI index with respect to voltage limit indicates that bus 26 is the optimal location for DG placement. Fig. 6 shows that bus 26 is located at large distance from the generators. Thus, bus 26 is largely affected by load variation in the system. The optimal DG size for bus 26 is calculated with random loading. The optimization algorithm adjusts the suitable DG size by minimizing the total active power losses in the system. Fig. 11 shows that minimum power loss achieved when the size of the DG is equal to 3.3 MW. The injection of active power from the DG reduces the power losses in the network. However, further increase in injection size renders the loss reduction insignificant.
The voltage profile for the system before and after DG installation is given in Fig. 12 . It can be observed from the figure that bus 26 has the lowest voltage level i.e. 0.90 p.u. without DG. The support from 3.3 MW DG unit on the bus has increased the voltage above the critical limit.
Optimal two DG units
The voltage profile curve can be further improved by installing more DGs in the system. This section considers the installation of two DG units with optimum location and size. The search for the second DG location commences after the first unit is successfully installed in bus 26. As shown in Table 3 bus 19 shows the greatest voltage reduction at peak loading thus the most weak among the five potential buses. Bus 19 is considered the most suitable for second DG location.
To find the optimal size of DG at bus 19, again optimal power flow program is executed to minimize power losses. The algorithm gives a solution by repeatedly allocates different DG sizes that fits the objective function. Size is fixed when the amount of power loss is minimum. The result indicates that two units of DGs, each rating Table 4 . The system shows minimum power loss of 31.197 MW when DGs are installed at bus 19 and 26 totalling capacity 6.2 MW. Although the capacity is slightly different than the capacity of DG used in Case 3 of Section 5.2 but the difference is small compared to the amount of losses reduced. Without loosing much accuracy, it can be assumed negligible and consider taking up the same value if rounded off. Other than that, the voltage profile in the system with two DGs also shows better result as shown in Fig. 12 .
Comparison of methods
In this section, the results of the proposed method has been compared with other optimization methods by [39] [40] [41] for IEEE 30-bus system. Table 5 shows the comparison of percentage real power loss reduction (PLR) with DG. PLR is the ratio of active power losses reduction with DG to active power losses without DG in the base case.
The optimized penetration level (PL) represents the total capacity of DG installed at optimal locations. The penetration level (PL) of DG in power system is calculated by:
Penetration levelð%Þ ¼ P DG P Load Ã 100% ð22Þ
The base case load without DG for all methods are same. For one unit DG, a substantial reduction in total system real power, approximately 31% is obtained by method 2 when DG is placed at bus 30. It is observed that method 3 and 1, each losses reduction is about 11.3% and 7.7% while the proposed method has the lowest losses reduction around 4.1%.
However considering the amount of power losses reduced with the level of DG penetration in this system, will give a different perspective overall. The amount of DG penetration in method 2 is 16.67 times higher than the proposed method. The effectiveness of DG contribution against power losses can be quantified by dividing PLR over PL. As a result, the proposed method shows the highest effectiveness followed by method 3 while method 1 and 2 are equally same.
Optimizing for 2 units of DG, method 1 does not include. Method 2 considers completely different buses for both locations whereas other two remains the location of first DG unit. For the proposed and method 3, further reduction in system power losses i.e. 6.5% and 16.5% are recorded respectively. As shown however method 2 slightly increased. Again taking into account the effectiveness of each MW power of DG contribution towards power loss reduction, the proposed method shows the best performance. The proposed DG optimization method using voltage stability index MPSI and active power loss minimization with PSO can give promising results.
Conclusion
In this study, the optimum DG location and size for improved voltage stability is determined through the proposed MPSI index and power loss minimization technique. Maximum power stability index is a fast and reliable tool to analyze the state of voltage stability in power system. The index is used to identify weak buses that allow only small load variations in the system. The critical buses which represent optimum DG locations are identified using PSO search algorithm.
The optimum DG size is evaluated based on the second objective function which minimizes the total active power loss. The simulation results indicated that the overall impact of the DG units on voltage stability is positive and proportionate reduction in power losses is achieved. 
